Endoplasmic reticulum (ER) stress, a disturbance of the ER function, contributes to cardiac injury. ER and mitochondria are closely connected organelles within cells. ER stress contributes to mitochondrial dysfunction, which is a key factor to increase cardiac injury. Metformin, a traditional anti-diabetic drug, decreases cardiac injury during ischemia-reperfusion. Metformin also inhibits ER stress in cultured cells. We hypothesized that metformin can attenuate the ER stress-induced mitochondrial dysfunction and subsequent cardiac injury. Thapsigargin (THAP, 3 mg/kg) was used to induce ER stress in C57BL/6 mice. Cell injury and mitochondrial function were evaluated in the mouse heart 48 hours after 1-time THAP treatment. Metformin was dissolved in drinking water (0.5 g/ 250 ml) and fed to mice for 7 days before THAP injection. Metformin feeding continued after THAP treatment. THAP treatment increased apoptosis in mouse myocardium compared to control. THAP also led to decreased oxidative phosphorylation in heart mitochondria-oxidizing complex I substrates. THAP decreased the calcium retention capacity, indicating that ER stress sensitizes mitochondria to mitochondrial permeability transition pore opening. The cytosolic C/EBP homologous protein (CHOP) content was markedly increased in THAP-treated hearts compared to control, particularly in the nucleus. Metformin prevented the THAP-induced mitochondrial dysfunction and reduced CHOP content in cytosol and nucleus. Thus, metformin reduces cardiac injury during ER stress through the protection of cardiac mitochondria and attenuation of CHOP expression. (Translational Research 2017;190:40-50) Abbreviations: AIF ¼ apoptosis inducing factor; AMPK ¼ AMP-activated protein kinase; ASPP2 ¼ apoptosis-stimulating protein of p53-2; ADP ¼ adenosine diphosphate; ATP ¼ adenosine triphosphate; CHOP ¼ C/EBP homologous protein; BSA ¼ bovine serum albumin; CRC ¼ calcium retention capacity; DMSO ¼ dimethyl sulfoxide; EGTA ¼ ethylene glycol-bis(b-aminoethyl ether); ER ¼ endoplasmic reticulum; ETC ¼ electron transport chain; MAM ¼ mitochondriaassociated membranes; MET ¼ metformin; MOPS ¼ 3-(N-morpholino) propanesulfonic acid; MPTP ¼ mitochondrial permeability transition pore; NADPH ¼ nicotinamide adenine dinucleotide phosphate; Nox ¼ NADPH oxidase; NF-kB ¼ nuclear factor-kB; PVDF ¼ poly(vinylidene fluoride); ROS ¼ reactive oxygen species; TBST ¼ Tris-buffered saline with 0.1% Tween 20; THAP ¼ thapsigargin; TUNEL ¼ terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling; UKPDS ¼ UK Prospective Diabetes Study
INTRODUCTION
The endoplasmic reticulum (ER) is an intracellular organelle that is responsible for protein folding, lipid synthesis, and calcium homeostasis. 1 Accumulation of the unfolded/misfolded proteins in pathologic conditions including heart failure results in a disturbance of the ER function that is known as the ER stress. 2, 3 Although the initial ER stress is an adaptive reaction to restore the ER function through signaling and transcriptional response, severe ER stress ultimately leads to cell injury by activating programmed cell death. 4 Induction of CHOP (C/EBP homologous protein) during the ER stress is key pathway to trigger apoptosis. 5, 6 CHOP expression increases apoptosis during the ER stress through depletion of bcl-2. The CHOP expression triggers the inflammation cascade that increases cardiac injury in the heart following in vivo ischemia-reperfusion. 6 Mitochondrial dysfunction contributes a key role in cell injury in the heart following ischemia-reperfusion. [7] [8] [9] [10] [11] The ER and mitochondria are closely connected organelles within cells. 12, 13 The ER stress is involved in mitochondrial dysfunction in rat hearts.
14 Thapsigargin (THAP)-induced ER stress leads to increased reactive oxygen species (ROS) generation through nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and sensitizes mitochondria to permeability transition pore opening in isolated cardiac myocytes.
14 Damage to the mitochondrial electron transport chain (ETC) is a key source of ROS production and myocardial injury. 15, 16 We first studied if ER stress leads to the ETC damage in mouse heart mitochondria. We next studied if the ER stress increases the ROS generation from the ETC. The sensitivity to permeability transition pore opening was also evaluated in isolated mitochondria following the ER stress.
Metformin, a traditional anti-diabetic drug, decreases cardiac injury during ischemia-reperfusion. 17 Based on the UK Prospective Diabetes Study (UKPDS), metformin treatment in diabetic patients substantially improves cardiovascular disease outcomes with a reduction of mortality and myocardial infarction. 18 Metformin treatment is protective in experimental models of heart failure 19, 20 and is safe when used in diabetic patients with congestive heart. 20, 21 The mechanism of metformin protection is involved in activation of AMP-activated protein kinase (AMPK). AMPK is a cellular energy sensor that regulates mitochondrial metabolism and the redox state of the cell. [22] [23] [24] Activation of AMPK decreases cell injury during oxidative stress in part through the inhibition of mitochondrial permeability transition pore (MPTP) opening. 25 MPTP opening increases cardiac injury during ischemia-reperfusion by reducing bioenergy production, increasing ROS generation, and releasing proapoptotic proteins including cytochrome c and apoptosis inducing factor from mitochondria into cytosol. 26, 27 In addition to its well-known anti-diabetic effect, recent studies show that metformin can decrease ER stress in renal cells. 28 Metformin treatment decreases angiotensin II-induced ER stress and hypertension in mice through activation of AMPK. 29 Metformin also decreases b-cell lipotoxicity through inhibition of the ER stress. 30 Pathologic ER stress leads to calcium release, which is directed toward the mitochondria via domains shared by ER and mitochondria called mitochondria-associated membranes. 31 Therefore, we hypothesized that (1) metformin will decrease the ER stress-induced MPTP opening measured in isolated heart mitochondria; (2) metformin will protect the ETC during ER stress; and (3) metformin will inhibit ER stress-induced CHOP expression and subsequent cell death.
METHODS
Induction of the ER stress in C57BL/6 mice. The Animal Care and Use Committee of the McGuire VA Medical Center approved the study. Male C57BL/6 mice (2-3 months) were used in the present study. Mice received a normal diet with ad libitum access to food and water during the experiment. Normal diet CHOW including 16% protein and 4% fat. THAP (3 mg/kg) AT A GLANCE COMMENTARY Chen Q, et al.
Background
Endoplasmic reticulum (ER) stress contributes to cardiac injury and plays a key role in the development of heart failure. Metformin is a widely used anti-diabetic drug that also activates cytoprotective mechanisms. It is unclear if metformin can decrease ER stress-mediated cardiac injury.
Translational Significance
Our studies show that metformin treatment decreases myocardial injury during ER stress through attenuation of mitochondrial damage. The reduction of ER stress and subsequent mitochondrial damage with chronic metformin treatment may be a new potential therapeutic target for treatment of heart failure.
was dissolved in dimethyl sulfoxide and diluted with saline to induce ER stress through 1-time intraperitoneal (i.p.) injection in mice without fasting (Fig 1, A) .
14 Control mice received vehicle (dimethyl sulfoxide) treatment. In metformin-treated groups, metformin (300 mg/kg body weight) was dissolved in drinking water with sucrose (0.2 g/100 ml) as sweetener and fed to mice for 7 days before THAP injection. 32 The Administration of metformin decreases cardiac injury in THAP-treated mouse hearts. THAP (3 mg/kg, i.p.) was used to induce the ER stress for 48 hours in C57BL/6 mice. In metformin-treated hearts, mice first received metformin (dissolved in the drinking water) for 1 week. Then, THAP was administered to mice once and mice followed for 48 hours (panel A). Apoptotic cell death was assessed using TUNEL staining (green color, panel B). Total nuclei were quantified using DAPI staining (blue color, panel B). Arrowhead indicated a typical TUNEL positive nucleus. THAP significantly increased apoptotic cell death compared to vehicle (panels B and C). Metformin treatment markedly decreased apoptotic cell death in the THAP-treated hearts with no effect in untreated hearts. Mean 6 standard error of the mean. *P , 0.05 vs other groups. n 5 3 in each group. ER, endoplasmic reticulum; CHOP, C/EBP homologous protein.
metformin dose was based on previous studies in the rat. 32 Control mice received drinking water with sucrose. Metformin feeding was continued after THAP. Mice were anesthetized with pentobarbital sodium (100 mg/kg, i.p.) 48 hours after 1-time THAP treatment (Fig 1, A) . The mouse heart was quickly excised for mitochondrial isolation or histological examination.
Determination of apoptotic cell death. Apoptotic cell death in myocardium was analyzed by terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) staining, using a commercial kit (BD Biosciences, San Jose, CA) that detects nuclear DNA fragmentation via fluorescence assay. In brief, mouse hearts from control, THAP, and MET 1 THAP groups were excised and stored in a 10% formalin solution. Apoptosis was assessed in transverse paraffin sections with TUNEL staining. The apoptotic index was expressed as the number of apoptotic cells of all cardiomyocytes per field. The apoptotic rate was calculated using 10 random fields per slide. The transverse sections were then counterstained with Vectashield mounting medium with 4,6-diamidino-2-phenylindole (a DNA intercalating dye for visualizing nuclei in fixed cells; catalogue number H-1200, Vector Laboratories). The stained cells were examined under an Olympus IX70 fluorescence microscope. 33 Isolation of cytosol, mitochondria, and nucleus. Heart mitochondria were isolated as previously described. 34 The mouse heart was placed in cold buffer A (composition in mM: 100 KCl, 50 MOPS [3-(Nmorpholino) propanesulfonic acid], 1 ethylene glycolbis(b-aminoethyl ether), 5 MgSO 4 , and 1-mM adenosine triphosphate). The heart was blotted dry, weighed, and homogenized using a polytron tissue homogenizer at 10,000 rpm for 2.5 seconds with trypsin (5 mg/g tissue). The trypsin was used to generate a combined population of cardiac mitochondria from a single mouse heart. Trypsin treatment also removed potential cytosolic contamination. The homogenate was incubated for 15 min at 4 C, then the same volume of buffer B (buffer A 1 0.2% bovine serum albumin) was added and the mixture was centrifuged at 500 3 g for 10 min. The supernatant was again centrifuged at 3000 3 g to pellet mitochondria. The mitochondrial pellet was first washed with buffer B, then resuspended in KME (100-mM KCl, 50-mM MOPS, 0.5-mM ethylene glycol-bis [b-aminoethyl ether]) and centrifuged at 3000 3 g to yield the final mitochondrial pellet. Mitochondria were resuspended in KME for study. 34 In a separate heart, cytosol, mitochondria, and nucleus were isolated using a commercially available kit (#78835) from Thermo Scientific (Waltham, Mass). 35 Oxygen consumption in mitochondria was measured using a Clark-type oxygen electrode at 30 C as previously described. 34 Glutamate (20 mM) 1 malate (10 mM) were used as complex I substrate. Succinate (20 mM, complex II substrate) was used as the complex II substrate with the inclusion of 7.5-mM rotenone. Adenosine diphosphate (2 mM) was used to determine the maximal rate of adenosine diphosphate-stimulated respiration. 26 Calcium retention capacity (CRC) in isolated mitochondria. The CRC was used to assess the calciuminduced MPTP opening in isolated mitochondria. 36 The assay medium included mitochondria (125 mg/ml), 150-mM sucrose, 50-mM KCl, 2-mM KH 2 PO 4 , and 5-mM succinate in 20-mM Tris/HCl with pH at 7.4. Sequential exogenous calcium (5 nmol/each pulse) was added into cuvettes until MPTP opening, shown by a burst release of calcium from mitochondria (Fig 2, A) . Calcium Green-5N (0.5 mM, Thermo Scientific, Waltham, MA) was used to monitor extramitochondrial Ca 21 concentration with excitation and emission wavelengths set at 500 and 530 nm, respectively. 36 Determination of ROS generation in isolated cardiac mitochondria. H 2 O 2 production from intact mitochondria was measured using the oxidation of the fluorogenic indicator Amplex red in the presence of horseradish peroxidase. 37 Glutamate 1 Malate and succinate (1rotenone) were used as complex I and complex II substrates, respectively. The concentration of substrates was the same as that used to measure oxidative phosphorylation.
Western blotting. Proteins were separated using 12% or 4%-15% Tris-glycine gels (Bio-Rad, Hercules, Calif) and transferred to poly(vinylidene fluoride) membrane (Millipore) using semi-dry transfer (BioRad). The blots were incubated for 1 h at room temperature in 5% (w/v) nonfat dry milk (Bio-Rad) in Tris-buffered saline with 0.1% Tween 20 buffer (10-mM Tris pH 7.5, 150-mM NaCl, 0.1% Tween20) followed by the overnight incubation at 4 C with primary antibody. After 1 h incubation at room temperature with a 1:10,000 dilution of HRPconjugated anti-mouse or anti-rabbit IgG F(ab) 2 (GE Healthcare Life Sciences, Piscataway, NJ), blots were developed using ECL Plus Western Blotting Detection Reagents (GE Healthcare Life Sciences, Piscataway, NJ).
Statistical analysis. Data are expressed as the mean 6 standard error. 38 For all analyses, differences between groups in biologic variables and mitochondrial function were compared by 2-way analysis of variance. For Western blotting analyses, differences between groups were compared by 1-way analysis of variance.
When a significant F value was obtained, means were compared using the Student-Newman-Keuls test of multiple comparisons. Statistical significance was defined as a value of P , 0.05.
RESULTS
Metformin decreases cell death during ER stress. There were no significant differences in heart and body weight and the ratio of heart/body weight (Table I) among groups, indicating that THAP treatment did not induce significant cardiomyopathy within 48 hours.
TUNEL staining was used to assess apoptosis in mouse hearts with THAP and Metformin treatments. Compared to vehicle-treated control hearts, the frequency of apoptotic nuclei was significantly increased in THAPtreated hearts (Fig 1, B and C) , indicating that the THAP-induced ER stress increased apoptotic cell death. Metformin treatment markedly decreased the frequency of apoptotic nuclei observed in THAP-treated hearts (Fig 1, B and C) , supporting that metformin decreases programmed cell death during ER stress. Metformin treatment alone did not alter the frequency of apoptosis.
Metformin leads to decreased CHOP expression during ER stress. The induction of ER stress increased CHOP expression that contributed to cell death. The content of CHOP in cytosol was markedly increased in the THAP-treated mice compared to vehicle (Fig 3, A) . Metformin treatment led to decreased CHOP expression. GAPDH was used as a loading control for the cytosolic proteins. In addition, THAP treatment increased the content of CHOP in the nucleus (Fig 3,  B) compared to the vehicle-only treated group. Metformin decreased the content of CHOP in nucleus following THAP treatment (Fig 3, B) . Laminin was used as the protein loading control for the nucleus.
Metformin results in phosphorylation of AMPK during ER stress. The phosphorylation of AMPK(Thr172) was dramatically enhanced in metformin-treated mice compared to vehicle-or THAP-treated mice (Fig 3, C) . There were no differences in total AMPK content between groups. These results support that metformin feeding activates AMPK in mouse hearts as expected.
Metformin improves oxidative phosphorylation during ER stress. The rate of oxidative phosphorylation was measured using mitochondria isolated from mouse hearts with or without THAP and/or Metformin treatment. Compared to control, treatment of mice with THAP decreased the rate of oxidative phosphorylation when glutamate 1 malate were used as complex I substrates (Fig 2, A) . THAP did not alter the oxidative phosphorylation using succinate as the complex II substrate (rotenone was used to block potential reverse electron flow from complex II to complex I). Metformin alone did not alter the oxidative phosphorylation using either complex I or complex II substrates compared to control (Fig 2, B) . However, metformin treatment improved oxidative phosphorylation in THAP-treated mouse heart mitochondria (Fig 2, B) .
Metformin inhibits the MPTP opening during ER stress. CRC was used to reflect MPTP opening in isolated heart mitochondria. THAP treatment resulted in a decrease in the CRC compared to control, suggesting that the ER stress sensitizes to MPTP opening (Fig 4, A  and B) . Metformin alone did not affect the sensitivity of the MPTP opening compared to control (Fig 4, B) . However, metformin decreased the sensitivity to MPTP opening in THAP-treated mouse heart mitochondria (Fig 4, B) . These results indicate that metformin treatment inhibits the MPTP opening in heart mitochondria observed following the induction of ER stress in vivo. mitochondria was measured using the Amplex red assay. There were no significant differences in H 2 O 2 generation between groups when glutamate 1 malate were used as substrates (Fig 4, C) . However, THAP markedly increased H 2 O 2 generation compared to control when succinate was used as substrate in the presence of rotenone. Metformin alone did not alter H 2 O 2 generation compared to control when succinate was oxidized as substrate (Fig 4, D) . Metformin treatment decreased the THAP-stimulated H 2 O 2 generation compared to THAP alone (Fig 4, D) . These results indicate that metformin treatment decreases the ER stress-mediated oxidative stress.
DISCUSSION
In the present study, we show that THAP-induced ER stress increases cardiac cell death in mouse hearts. THAP leads to decreased oxidative phosphorylation, increased ROS generation, and sensitizes to MPTP opening in cardiac mitochondria. Metformin treatment decreases cardiac injury in the THAP-treated hearts. The ER stress increases the content of CHOP in both cytosol and nucleus, whereas metformin decreases CHOP content in both cytosol and the nucleus. Metformin improves the maximal rate of oxidative phosphorylation with decreased ROS generation in THAP-treated hearts. The sensitivity of the MPTP opening is decreased in metformin 1 THAP treated hearts. These results suggest that activation of AMPK using metformin decreases the ER stress-induced cell death (Fig 3, D) . Therefore, chronic metformin treatment may be an alternative strategy to decrease cardiac injury during the ER stress.
C D
Although the initial response to ER stress is to restore ER function by activating specific signaling pathways to increase chaperon protein expression, severe ER stress inevitably increases cell injury and favors cell death. 1, 5 In the present study, THAP treatment not only increases cytosolic CHOP expression but also increases the content of CHOP in the nucleus. An induction of the CHOP expression is a key factor to induce apoptosis during the ER stress. Genetic ablation of CHOP decreases apoptosis and inflammation in hearts following ischemia-reperfusion, 39 supporting that CHOP expression plays a key role in cell injury. In cell lines, the overexpression of CHOP increases apoptosis, whereas ablation of the CHOP reduces apoptosis during the ER stress. 40 Thus, CHOP plays a key role in the induction of apoptosis during the ER stress. Metformin decreases the expression of CHOP in cytosol and nucleus in the THAP-treated mice, suggesting that metformin protects cells during ER stress through inhibition of CHOP expression. Further study will evaluate the protection from metformin in CHOPknock out mice.
The increased CHOP content in cytosol leads to reduced bcl-2 content that increases cytosolic BH3-only proapoptotic proteins including bax to trigger apoptosis during the ER stress. 6 The increased CHOP content in the nucleus leads to a decrease in cytosolic bcl-2 content by retaining bcl-2 at the nucleus through formation of bcl-2 and apoptosis-stimulating protein of p53-2 complex. 5 Overexpression of CHOP also decreases cellular glutathione content and increases the production of reactive oxygen species in the ER. 6 Nuclear factor-kB (NF-kB) is a key transcription factor regulating inflammation. 41 An increase in CHOP expression in the nucleus favors NF-kB activation. Knockout of CHOP prevents the cytokine-induced activation of the NF-kB, supporting that the CHOP expression increases inflammation through activation of NF-kB. The increased inflammation contributes to cardiac injury. The THAP-induced ER stress increases cardiac injury through augmentation of the CHOP expression and inflammation. 42 Activation of the AMPK using 5-aminoimidazole-4-carboxyamide-1-beta-D-ribofuranoside (AICAR, an AMPK activator) decreases the ER stress and CHOP expression in cardiac myocytes during hypoxia-reoxygenation. 43 In the present study, activation of the AMPK in vivo using metformin decreases the THAPinduced CHOP expression. In addition, metformin treatment also decreases CHOP content in the nucleus. Thus, the present study supports that activation of AMPK decreases cardiac injury during ER stress by preventing CHOP expression.
Increased oxidative stress is a key factor to induce CHOP expression during ER stress. In isolated cardiac myocytes, glucose deprivation activates Nox (NADPH oxidase) 4 in the ER that leads to increased ROS generation. 1 Genetic knockout of Nox 4 decreases the ROS generation during glucose deprivation, supporting that Nox 4 is a key source of ROS generation in glucose deprivation-induced ER stress. Glucose deprivation does not increase ROS generation from mitochondria. 1 In the present study, the THAP-induced ER stress increases ROS generation from mitochondria. THAPinduced ER stress increases ROS generation from NADPH oxidase in H9C2 myoblasts.
14 Thus, the THAP-induced ER stress may increase ROS generation from both the ETC and ER.
The generation of ROS is dramatically increased in mitochondria from the THAP-treated hearts compared to control when succinate is used as substrate with rotenone to block reverse electron flow. 44 The ROS generation is not significantly altered in the presence of complex I substrates. Metformin treatment decreases the ROS generation in the THAP-treated hearts. These results suggest that activation of AMPK using metformin may decrease CHOP expression by reducing ROS generation from the ETC.
The mechanisms by which metformin treatment decreases ROS generation are not clear. Metformin feeding does not affect antioxidant content in unstressed rats. 45 However, metformin improves the antioxidant content in high-fructose-fed rats. 45 Thus, metformin feeding may decrease ROS generation through improvement of mitochondrial antioxidants. In addition to ROS generation, THAP treatment impairs the ETC. The decreased oxidative phosphorylation with complex I substrates but not with complex II substrates indicates that THAP leads to damage at the complex I. Metformin treatment improves the oxidative phosphorylation in THAP-treated hearts oxidizing complex I substrates. Thus, metformin feeding may decrease ROS generation in THAP-treated mice by protecting the ETC and improving antioxidant capacity. A recent study found that MPTP opening can increase ROS generation at complex II, especially in the presence of decreased complex III activity. 46 In Ca 21 over load-induced PTP opening, H 2 O 2 generation can be increased through activation of glycerophosphate dehydrogenase located in the outer surface of the inner membrane. 47 Our study shows that THAP sensitizes MPTP opening in heart mitochondria, whereas metformin treatment inhibits MPTP opening (see the following discussion). Thus, we propose that the decreased ROS at complex II in metformin treated mitochondria was likely due to decreased MPTP opening.
MPTP opening is a final downstream step to induce cell death during ischemia-reperfusion. 48 THAP treatment has been shown to increase MPTP opening in cultured cells as shown by the depolarized inner mitochondrial membrane potential.
14 In the present study, THAP treatment leads to increased sensitivity to MPTP opening in isolated heart mitochondria. Thus, our study provides direct evidence that THAP-induced ER stress sensitizes to MPTP opening. In the present study, administration of metformin improves the CRC in cardiac mitochondria following THAP treatment, supporting that deactivation of AMPK may be involved in MPTP opening. ER stress leads to increased cytosolic calcium that sets the foundation to induce mitochondrial calcium overload. Mitochondrial calcium overload and increased ROS generation are 2 key factors to induce MPTP opening. 48 The decreased ROS generation observed following metformin treatment may lead to decreased MPTP opening observed in mitochondria after in vivo THAP treatment.
Although metformin decreases cardiac injury during ER stress in male mice, metformin treatment may affect female mice differently. There are gender-related differences in antioxidant capacity in mice. 49 Also, the phosphorylation of akt is enhanced in female diabetic mice compared to male mice, a potentially cardioprotective increase. 50 Therefore, the effect of metformin treatment on ER stress-induced myocardial injury warrants further investigation.
The present study demonstrates that activation of AMPK using metformin decreases cardiac injury during the THAP-induced ER stress. ER stress is increased in many pathological conditions including heart failure, aging, and ischemia-reperfusion. ER stress contributes to cardiomyopathy in the type 2 diabetic rat heart. 51 ER stress contributes to a transition from cardiac hypertrophy to heart failure in humans. 52 High-fat diet induces apoptosis through increased ER stress in mouse hearts. 53 Therapeutic interventions to decrease ER stress reduce cardiac hypertrophy and the transition to heart failure in animals following ischemia reperfusion injury or pressure overload. 52 The risk of heart failure occurrence is dramatically increased in diabetic patients exposed to ischemia-reperfusion injury. 20, 54 Metformin was historically considered to place heart failure patients at increase due to the potential occurrence of lactic acidosis in the setting of reduced renal function. 55 However, recent studies show that metformin is a safe treatment in heart failure patients with diabetes. 20 Metformin treatment provides cardiac protection in diabetic hearts following experimental ischemia-reperfusion. 56 In experimental models, the administration of metformin decreases the incidence of progression of heart failure. 19 Metformin also attenuates the transition to heart failure transition in nondiabetic rodents following myocardial infarction and pressure overload. 17, [57] [58] [59] In the present study, the chronic feeding of metformin decreases the ER stressinduced apoptosis in mouse hearts, indicating that targeting of the ER stress is a potential approach to decrease the occurrence or progression of heart failure. Therefore, chronic metformin treatment may be a promising strategy to decrease cardiac injury, especially in diabetic patients, 18 but also possibly in nondiabetic patients as well. This study highlights the potential to ''repurpose'' metformin, a current FDAapproved drug for a novel therapeutic use in heart failure treatment.
